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EXPERIMENTAL DETERMINATION OF II IAI VI1RATIONAL AND ROTAIIONAL E!NERGY

DISTRIBUTIONS FROM THE REACTION Of ATOMIC DIFIJTRIUM WITH MOLECU[AR FLUJORINE

As mentioned in a previous report (A1 0)kI9-/.--()06/) JI eatL I of

effort has been put in by va'iou,. groups, tv.i fi hotlh exper iiorit.,,l ,r,,

theoretical techniques, in at tempts to understand the dyiami.s of the

simple atom-molecule reactions. In particular the reactions 1, 2 and 4

have been very extensively, studied and broad general agreement has been

attained between different groups of workers. Reaction 3 ha',, however,

proved to be much more problematical.

H + F2  HF + F ()

F + H , Hf + IH (2)

.) 1 W I I (3)

F D., DF + 0 (4)

At the time when this work was initiated the only study of the

initial vibrational energy distribution in deuterium fluoride was one we

had made using the measured relaxation infrared chemi1umi rescence method

(1). Although not completely unambiguous, that study strongly 'uggested

that the most populated vibrational level of deuterium fluoride was v' - 10.

It also determined relative primary rate constants for formation of deuterium

fluoride in vibrational levels v' = 2 to v' - 12. The results indicated that

62 per cent of the available energy initially entered vibration.

There ha, often been some conr flict btween experimenta I r.,it.,, ut im.d

by the measured rel1ixa tion infrared chelli lumines cence method and tho-,e .1 ned

by the lower pressure arrested relaxation method. Thi, was one of the rea sons
that a study by the latter method was proposed. Additionally, the meaured

relaxation method gives no indication of the initial rotational enerqy
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distribution, which is a valuable additional quality so far as chemical

laser applications are concerned.

Experimen talI

The apparatus used for arrested relaxation .tudies is ,hown in

Figure I. The design of the reaction cel 1 is critical ly important. I n

view of the desirability of opera ting at the m i inimum possil)le p re,,s>,rn

t must posse-,". (I . . I i Ii iellt LIi(ht col lecti Ug system, (.on lUj Ti n i f ,. i (.

mean of arres t i rig the produc t state rel axa ti on proce/ss , and provi de )pt:

pumping conditions. It is in the last respect that the present design d i ffers

most significantly from those of other workers. Pumping of the cell i,;

effected by means of an Edwards 24 inch F2404 oil diffusion pump bad ed Ib, ar

ISC 3000 Edwards rotary pump. The unthrottled throughput for" hydroge n
- tn3 r - 0-4 .

10 1200 dna at a pressure of 10 torr. Perhaps nost import-rtL, th ,. '

bottom area of- the reaction cel I is exposed to the vacuum pump via a liqid

nitrogen cooled chevron baffle. The remaining sides aid top of the ret,,. t in

cel I are covered by an "inverted trough" of copper plate cooled by tonit inuno S

passage of liquid ni trogen through copper coils si lver soldered to i t, ,(:,:r

s urfac e. The Iight. collection system is a standard WeIsh ce coni stir,

four semi -circular gold plated mi rrors of 150 mm diameter, radius of c u rva .ur'e

530 mm, independently mounted in pairs and capable of individual adjustmer,t

from outside the cell.1In order to attempt to improve the efficiency of trapping of vi hr- t, Ix,, i

excited molecile at the cold walls, considerable time was cpent in rEdr.Jnsinir j

these so that an approximately t" layer of (ooled mo lecula r sieve w,, , i.t hf.d

to the inside, Of the trough. Ibis was th ieved by hildint) the mjle l,,ir .,!('VI-

in place with a high transinission gauze. A, I)efore I.ie whole r.ell y ',aa

cooled with liquid lli trokgin. The rela ti vl V poor (M I II I Ivi tY of t.110 Il i r

.,ieve necessitated that. the layer was kept as thin a oi tle. t if it irly

oI the new ryoiellic pupinpigig system, wa; irlve, i(lalted u, it41 the woIll- 4tiw



reactions of atollic fluorine with methane arid ethane. Both these a1kane-

are di ff iCU 1 t to Iuflp C ryOgir11l(d I ly and it was deimons tra ted succe S,,,, u II

that there was a si(inificant improvement wi th the new system.

Deuteriulll (Air i 'roduc ts Ltd. 99.999 11r cuent) , l orir,. ('.,U .. Ltd.

98.0 per cent) and argon (i .C .C. Ltd. 99.999 per cent) we-re used wi thout

further purification. Deuterium atoms were produced by a 100 W, I450 MiH!

microwave discharge in deuterium. Fluorine atoms were produced by a

similar discharge technique using carbon tetrafluoride as the ;r.r .

Due to the extreme toxicity arid corrMsve na ture of fluorino , a iumber

of rodificat Ins to the usual gas inlet aid outlet system, were rie,.',',Jated.

Ohe moleClclar fluorine was introduced to the fluorine qjlass, line throujh

inch copper pipe. This line had previously been evacuated thorouh]y to

minimize idsorbed water. The flow rate was controlled by a stai nles,',,,e

needle valve and measured using a calibrated capillary flow metr:, I il.,! wii

a full fluorinated oil. Voltalef 90 grease was used on all oe; .o, ,:.

and glass to metal connection s were made with teflon tubing. Lxc. f irh

was discharged into a trap containing a mixture of potass ium hvdrnxide ocellets

and glass beads. The beads prevented trap blockage due to the fom; ti r oI a

solid crust of potassium fluoride.

The fundanent.a1 emission from DF span,' a region (3.46 ,m to 4.60 m,

in which the sensitivity of a conventional lead sulphide detector is low.

t was therefore necessary to record the DF spectra in the first overtone

region (I ./ i) to 2.96 fi) which lies near the peak of the detector's;

response .

Tire intriared spectrull of [IF does not. lend itself to simple anly'.1 5

in the same way a; hydrogen fluoride. [he larger reduced mass and -con'.,,j.jen t

i,11ller vihilitional aId Ie [a t. i O I spa i . rC, ult it i i l many nun rd ( it l ' ih

if vibration-mutation lines within overlapped band,. Consequently ,i (,rriputer

simulation technique is essential in order. to analy , .h, Spectr,i. In , rde r

to calculate th viba tior-rOtation line positions with stifficie:nt accuracy
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it was found necessary to use a Dunham express ion with 16 coef f iient!.

This expression used the Dunfihdwi coefficients for III (2) correct(ed for IA

by means of the isotope relations (3).

iY i 1 .1

YldJ- i-  (I + 2J)/?. (5)

The trial vibrationa I and rotational population distr ibut io '. Ir v V

to the simu1 ation program were converted to intenJsLie., by

N NV ' I v Ij 41v v'J' Asvv',)' hc vj ) j "l

w ' I' v

where Ivj is the intensity anid " IvJ i; the f requency of trir siti on
l V 

I

from a state (v 'J ) to staLe (v,J). A v  is, the i insteirl (.oef f 6.i rit ,rIAivv

v, is the frequency of the pure vibrational trmii ; Uon (v I .

the line strength arid F vj is the rotation-vibration interaction f: , -,Ijr

calculated using the full expression of Iilennan et al. 14). The _inrst,,ir1

(oefficients used were those of Sileo and Cool (5).
v'J

As stated above, the emission intensity (Ivj of any particular

vibratio n-rotation line may be related to the population (Nv ' ' of thi t

state by expression (6). In previous work an approximate expression wj ,,

used to calculate the rotational contribution to the transition prohahilit!.

To improve the accuracy of this study, a program was developed to calculate

the contribtution using the full expression of reference 4.

e Results and Analysi s

Analysis of the DF spectra would be further complicated by any non-

Boltzmann nature of the rotational distributions to be found within any

particular vibrational level . Under the previous grant a considerable effort

was put into developinq computer programs capable of simulating the experimental
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distributions.

In i ti al expe riments we re ca rr i ed O t wi tU ut the cryogen i c m(,ocula

sieve being installed. Under these conditions it waS. necessary tn) uA,,e

relatively high flow rates of the reactant gases in order to obtair

detectable emission. [he spectra obtained clearly showed th(it litL to

rotatiorally excited li- was formed. Fur thetmore although th i w,j',

vibrationally excited the degree of excitation was lower Hn th,;:t. ncr

by the Measured relaxation method. The data were analysed by to-(la ri,,,7

wi th computer-s imula Led spec tra and the resul ts are sIiown a(t iuj-e .

rIese resul ts are cunsi stent with the idea that the re..iderce time in t.

reaction c habtr was too 1011ig . tnder such crnditions the oLei)r of 

would be sufficient to randoniize the rotational energy distributiot .jn1

lead to vibrational relaxation through col 1 isional and rota tiona1 prI ce 1 .

1he 1iter experiments were a 1 I carried out using the cool(-- 9 UI 1eu.

sieve liner' as an additional pumping aid. Certainly this had appreiabte

advantages so far as allowing additional througJhput of reactant.- ,, w,'.

demonstrated for poorly pumped gases such as those presret in ti. at );:i(=

fluorine/me tha ne reaction. When the D + F2 reaction was repeated on.Or tree

new conditions it was observed that significantly faster pumpinq 5000(1,

indeed achieved. The resulting infrared specttra were anaI1y,; d and th- ,n,. I

for the vibrational energy distribution iri the pIiodocrt hydrogen fluoride a ,0

shown in Figure 2. It can be seen from this Figure that a higher do;ne(e ,

vibrational excitation was achieved. However, the maximum popul,.tion

occurred in the v' -- 9 vibrational level compared with the measured reit,,.r

result which showed the maximum population to be in v' 10. Ihi , i, ,

indicative of partial vibrational relaxation which was born out by thf,

that the computer simulation comparison showed these to be very I ittle

-rotationally excited product. Many furtier experiments were (.arriod out a,. T j

different reactant t lowrates and di ffeent inlet (fer'tries. Howev(r, in

all cases, basically the same retults were obthaintied and the con(lu, io rtW,



re luc tn ly drawn that even Aith the addi ti onii I at i d1 of1 ryogjeni Fl i~iyii

the res idence time of thre produc t hydrogen i nori dp wi tti nrO tmo 1 1 or;

chamiber was such that sumc ro tat ionalI dec ay ind -ol lis ioniN reL(- It i on

place.

Recently a study of tis reacLion by a dii ff erent experrirrertit iet~

has been published (6). Fi s made use o f a so -call1,ed chtemi Ii rcni

ma cO i ng method. Results are pro eented t or ho th the react iorn of a W' Kijii o

w i th deu teri Lill arid atoiiC dcii ter i twi wi th mo I ecu] ar fl or ire l o(:-, :F i F

th e forie r re sou1ts are i n sa ti sfactory a rjreemen t w ith p rev i od1y pA h : Inv!

toe latter are drastically at variance an ml how a mixinom polpula Li w in H 1

v' 11 level of [IF as can be seen fro viii[iure P. lako, in Ti olo tio, r

results woe1id appear to be v'r-y much10 more rea li-ti - everl trrnough te'1o

nroise ra ti o i n the published spec trum i s noit good. h 1 woul d seato i

OULt the thes is that the residence time under the normla leuIow ,1

conditions , i s too 1long. How everi-, th e re art-e v erwe I d is to irh i rig a, ye w .r t i v K

rnie ed cl1a r if ic at ion . No data by the choiiluminescenve mapping me thnd have keen

obta ined for the H/, reac ti on for which there was excel11errt ag reemient f!,r the
L

,'i bra ti onal1 eriergy distribution inr the product HF by the ricamwued and vrr e: te

relaxation techniques , obtLa ined independent]ly in di fferernt i abora tori e' '7"'.

In the work on the H/F 2 system we and others (7,8) dlemonstr'ated that it,O

j possible to produce a niodi fed LEPS potential energy surface which (:0010 be

used in conjunction With classic,!l tajectory calculations to give a sot stactucy

re produc t io n o f the ex p er ime nta 1 v i hra t iona 1 en ergy d i s t r-ibu t i ori I ! te wo)r k

showed that thi s so face ,oo 1( be used to provide at reasonable ap o 1 i

tu the di sttibution found in thre P/F 2 rear Lion () lbis is t~o Qiv vwa;.tef

sinrce any isotope effects wool d be smol11. Homwer, it is diear that tli sir' r t

does not prov ide a good representaLi on of the dis tri but ion found by 1,lrdy ut.

(6). One is, therefore, torcrd to the cons] usion that. unless oneacp.

highly imrprobable isotope effect, the exper ilronta 1ncoIU achieved by the.

Cherni i~ um1eSCenCe rnlaplii o mre thiodlri are not. coip iiI'with the ii-Lu
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~e so 1ts for- H/F?2 obtained by two di ffe re nt me tho d,;. (byinun I y ttlI . tof'.

not negate the chemii Iumri tes cenrce mra pp i I I a td (I nId f n a cd't. do I)ft", onr Ir

for- H/F2 although s imi lar- experimenta IreMti t were obtai 11(4 ill (11 f(:r l,,t

laboratories. The Ii scr-epancy is hiqlri ijh ted b~y the frIc t 01,11. lurc i-

scence mnappi ng suqges ted that 78 of' the avail able energy o rnr t

vibradti anal ly exc ited product wherevas the resul t for- K 2  ere04)rr
20 l eSs I t woul d be or girea t i nterestA to see resiji ts on the_ -i tt r

by the chen i om11i nescenlCe mapjpi ng method. [)n Ii I ch0 work i r l- (" 4'

-- iany questi ons PIuIS t rema ini unanswered .

Al though ini thi s work we fa iled to obs;erve the i niti ali i'trr

di str-ibution fr-om the il/F., r~eac tion , i t is pce bs ('I to pro'd In _ I " Iv/

maki ng ant appr-ox ia te eneigy ma tch wi th the resluILs f ruom HI?t y Po I r.

et al . (8) . One is tht- 'Ieore making the per-haps unnewsunni, le trpI

the vibrationial e ner-qy di stvi hutiori for HI is correct. M', r.1

shown in Fikg~re _' toge.ther' With 001' pr~esent r-esults obtainedj aj, 1jog tJw n.i

cr-yogen i c pump ing sys tem . I t nay be seen fr-om th i s F i gure tha t thew"I

made ear-li er concer-n i g a [301 tzma noi zed" di str-ibhoti on of r-ota tina r-r

io the DF cotrrespondinri to a tempera tore somewhat less than 300 ,, i ' '

out. In tne "enet-gy match) results i t -is necessary to ignore the 4

low t-otational quanituii numbers in each spectr-um sin(.e th s is r!uo( 1.' 1 1

collisional r-ela~xOtio00. Ibe initial r-ota tio' ener-gy disItibjuti fur

OF peaks in Y t o tr- v' 11 and gr-adualIly moves to - J - I2 Vr v

rrIaje(- tory ctcrIcuIl Li onsw- i Try tire potent ialI ener-gy surfaceU desiibet d !1'( ('iIi

1)can he used t o Ila ke aI pr-edi c ti on of the i it i a I r-o a f. ior~ I t-,r-ri Y

di s tri but.i o . These res,,ulIts are pi esonrten i n Figure 4 where i t. ( an bi

tha t tole ag9reerieo t i s good . Simri lar agr-eemrent was found for the 1i/f F2

One slrou Id not , however-, i nterpr-et thi s a,, in a rgurrent alp inst 1 tire ch(ei:i no 1ii -I

scence inapping r-esult s for- the v ibrationalI di s tr-ibutLion. Itf. i - probab tle( too

po tenti al ener-gy surfaces giv i n a strorg vi bra tional1 energy polmrIl at in

inrvers ion woul d haive the same broad 'Larac teri sti cs. However-, i t is, likelIy

IL4



thiat th~e illi i 0 1 ro.dt101 onrp d12V~ Ii AYr hl)~iolI rIrIlo 1;." Po my: (.

rr 'L I t t I I)l r i I % 11, e f hi I i i Ii of I o,J I !;f r( t I i

i.0 v It r~ -,I (I' yi 1,1,I~1~t(I O te II!tdI ~ llr

dis tri u .
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FIGURE CAPTIONS

Fi ure l Diagram of the reaction chamber

Fi.ure Vibrational distri butions for the Ii f? reactiol

Measured relaxation exprimrit r' ,f I

... . . . .. Arres ted re _laxa t. i om rw';u ,( i tl.out.

. .. .. . Arres ted re laxa tion I-WAI It', (wl th i ,/:

Chemiluminescence mapping re ult'., lr(f f

Figure 3 Rotational Distribution for the D + F2 reaction

Energy match with H + F2 ret 1 t (It r -f

Arres ted re 1 axa t ion ressuIts (i (

F igure 4 Trajectory rotational energy di s tr i bu tions for the, 1) 1
react ion
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